INTRODUCTION
The majority of life-threatening bacterial lung infections in cystic fibrosis (CF) patients are caused by a limited spectrum of bacterial pathogens which include Pseudomonas aeruginosa, Staphylococcus aureus and Burkholderia cepacia (Gilligan, 1991 ; Govan & Deretic, 1996) . Other organisms which can be found regularly in respiratory tract specimens of CF patients include Haemophilus influenzae, Stenotro- phomonas maltophilia, certain fungi (e.g. Aspergillus spp.) and viruses (e.g. respiratory syncytial virus) (Gilligan, 1991) . In the absence of epidemic spread, B. cepacia only infects a small proportion of CF patients, but it has a major impact on both morbidity and mortality of infected patients and the medical and psychosocial implications of B. cepacia colonization and segregation of colonized and non-colonized patients as a means of infection control are enormous (LiPuma, 1998) . Accurate identification of B. cepacia is crucial in patient management and infection control practices, but may be problematic, and misidentification is relatively common (LiPuma, 1998 ).
The present study was initiated by the receipt of several isolates cultured from sputa of CF patients in 01257 # 2000 IUMS T. Coenye and others Denmark, Canada, the USA and Brazil. These strains were tentatively identified as B. cepacia or Ralstonia pickettii-like organisms or as Ralstonia paucula (formerly known as Centers for Disease Control group IVc-2 ; Vandamme et al., 1999) . This report describes the polyphasic taxonomic study which was used for the characterization of these and similar isolates from the environment and human clinical specimens. The genotypic and phenotypic characteristics warranted the classification of the isolates in a novel genus, for which we propose the name Pandoraea. The genus Pandoraea contains five species : Pandoraea apista sp. nov. (the type species), Pandoraea pulmonicola sp. nov., Pandoraea pnomenusa sp. nov., Pandoraea sputorum sp. nov. and Pandoraea norimbergensis (Wittke et al. 1997) comb. nov. (basonym Burkholderia norimbergensis) . The name Burkholderia norimbergensis was proposed by Wittke et al. (1997) for a single bacterial isolate capable of hetrotrophic sulfur oxidation, which was isolated from an oxic water layer above a sulfide-containing sediment.
METHODS
Bacterial strains and growth conditions. Strains used in this study are listed in Table 1 . All strains were grown aerobically on Trypticase Soy Agar (BBL) at 37 mC unless otherwise indicated.
Phenotypic characterization. Classical phenotypic tests were performed as described previously (Vandamme et al., 1993) . API ZYM and API20 NE tests were performed according to the recommendations of the manufacturer (bioMe! rieux). Flagella staining was performed using a solution of tannic acid (2 g)\phenol (5 %, w\v)\KAl(SO % ) # (saturated) in 11 ml saturated crystal violet in 95 % ethanol. Stained cells were viewed by phase-contrast microscopy. Phytopathogenicity was tested as described by Gonzalez & Vidaver (1979) . In brief, strains were grown for 24 h at 28 mC. Bacterial suspensions containing 10* c.f.u. ml − " were prepared in sterile distilled water and 100 µl of the suspension was inoculated on 3-5 mm thick onion slices. The inoculated slices were incubated for 48 h at 28 mC in moist chambers. B. cepacia genomovar I strain LMG 1222 T was used as a positive control. Sterile distilled water was used as a negative control.
Growth on B. cepacia-selective agar (DM253 ; Mast Diagnostics) containing ticarcillin (100 mg l − ") and polymyxin B (30 0000 U l − ") was tested by incubating the strains at 37 mC for 48 h. B. cepacia genomovar III LMG 16656 was used as a positive control.
Degradation of poly-3-hydroxybutyrate (PHB) was tested by growing the strains on minimal Delafield medium containing 0n005 % (w\v) yeast extract, 0n1% (w\v) NH % Cl, 0n05 % (w\v) MgSO % .7H # O, 0n005 % (w\v) ferric ammonium citrate and 2n0% (w\v) agar in 0n033 M KH # PO % \Na # HPO % buffer pH 6n8 and covering with a layer of PHB agar containing 2n5% (w\v) PHB and 2n0 % agar. Strains were incubated at 37 mC for 7 d. Acidovorax facilis PHA 774 and Pseudomonas balearica PHA 785 were used as positive controls. Degradation of PHB was recognized by the appearance of clear haloes surrounding the colonies.
SDS-PAGE of whole-cell proteins. Strains were grown on nutrient agar containing 0n1% (w\v) beef extract, 0n2% (w\v) yeast extract, 0n5% (w\v) NaCl, 0n5% (w\v) peptone, 0n04 % (w\v) KH # PO % , 0n24 % (w\v) Na # HPO % .12H # O and 2n0 % agar (pH 6n8) for 48 h at 28 mC. Preparation of wholecell proteins and SDS-PAGE were performed as described previously (Pot et al., 1994) . Densitometric analysis, normalization and interpolation of the protein profiles, and numerical analysis using the Pearson product moment correlation coefficient were performed using the GelCompar 4.2 software package (Applied Maths).
DNA preparation. This was done as described by Pitcher et al. (1989) .
AFLP fingerprinting. The preparation of template DNA (using restriction enzymes ApaI and TaqI), amplification [using primers A00 and T00 in the preselective PCR and primers B07 (labelled with the fluorescent dye 6-FAM) and T11 in the selective PCR], separation of the fragments using an ABI Prism 377 automated DNA sequencer and numerical analysis were performed as described previously (Coenye et al., 1999b) .
16S rDNA sequencing. The nearly complete (corresponding to positions 8-1541 in the Escherichia coli numbering system) 16S rRNA gene of strains LMG 18819 T , LMG 18087 T , LMG 13019, LMG 18106 T , LMG 18089 and LMG 16407 T was amplified by PCR using conserved primers [5h-AGAG-TTTGATCCTGGCTCAG-3h (5h-CTGGCTCAGGAC\ TGAACGCTG-3h for LMG 18087 T ) and 5h-AAGGAGG-TGATCCAGCCGCA-3h]. The PCR products were purified using a QIAquick PCR Purification kit (Qiagen) according to the manufacturer's instructions. Sequence analysis was performed using an Applied Biosystems 377 DNA Sequencer and the protocols of the manufacturer (PerkinElmer Applied Biosystems) using the ABI Prism Dye or BigDye Terminator Cycle Sequencing Ready Reaction kit. The sequencing primers were those described by Coenye et al. (1999a) except that primer *R was replaced by *R2 (5h-GCTACACACTGCTACAATG-3h). Sequence assembly was performed by using the program AutoAssembler 1.4.0 (Perkin-Elmer Applied Biosystems). Phylogenetic analysis was performed using the GeneCompar 2.1 software package (Applied Maths). A phylogenetic tree was constructed based on the neighbour-joining method (Saitou & Nei, 1987) .
Determination of the DNA base composition. DNA was enzymically degraded into nucleosides as described by Mesbah et al. (1989) . The obtained nucleoside mixture was then separated by HPLC using a Waters SymmetryShield C8 column thermostated at 37 mC. The solvent was 0n02 M NH % H # PO % pH 4n0 with 1n5 % acetonitrile. Non-methylated lambda phage DNA (Sigma) was used as the calibration reference.
DNA-DNA hybridizations. These were performed with photobiotin-labelled probes in microplate wells as described by Ezaki et al. (1989) , using an HTS7000 Bio Assay Reader (Perkin-Elmer) for the fluorescence measurements. The hybridization temperature was 50 mC. Reciprocal experiments were performed for every pair of strains and each value given is the mean of at least two hybridization experiments. The variation between reciprocal reactions and repeated experiments is around 7 % with this method (Goris et al., 1998) .
Fatty acid methyl ester analysis. After an incubation period of 24 h at 35 mC, a loopful of well-grown cells was harvested and fatty acid methyl esters were prepared, separated and identified using the Microbial Identification System (Microbial ID) as described previously (Vandamme et al., 1992) .
RESULTS

Phenotypic characterization
The following characteristics were present in all of the Pandoraea strains investigated : catalase activity ; growth at 30 and 37 mC ; growth on Drigalsky agar ; growth in 0n5 and 1n5 % NaCl ; assimilation of -gluconate, -malate and phenylacetate ; acid and alkaline phosphatase and leucine arylamidase activity.
The following features were absent in all the Pandoraea strains investigated : growth in 6n0 % NaCl and 10 % lactose ; hydrolysis of Tween 80 and aesculin ; nitrite reduction ; denitrification ; gelatin liquefaction ; growth in O\F medium with adonitol, fructose and xylose ; indole production ; production of acid or H # S from TSI agar ; assimilation of trehalose, -arginine, -norleucine, -arabinose, -mannose, -mannitol and N-acetylglucosamine ; DNase, ornithine decarboxylase, lysine decarboxylase, tryptophanase, C "% -lipase, Results are expressed as the percentage of strains investigated that gave a positive reaction ; (j) or (-) indicates positive or negative reaction of type strain. Table 2 .
None of the isolates tested was able to cause soft rot on onions under the conditions used. All isolates investigated grew on B. cepacia-selective medium, except strain R-5199, which showed no growth even after prolonged incubation (96 h). None of the strains was able to degrade PHB under the conditions used.
SDS-PAGE of whole-cell proteins
Reproducibility was checked by preparing protein extracts in duplicate. The correlation level between these patterns was more than 93 % (data not shown).
After numerical analysis and visual comparison of the profiles, six clusters could be delineated above a correlation level of 85 % (Fig. 1 Fig. 2 . Visual comparison of the protein patterns indicated that strain R-5620 belongs to cluster B. However, in the numerical analysis of the protein patterns R-5620 occupies a separate position. This is due to significant and reproducible distortions of its protein pattern (Fig. 2) , which can have a profound effect on numerical analysis as discussed previously (Vandamme et al., 1997) . The same is true for strain R-5199, which groups in cluster A but has a significantly different protein pattern.
AFLP fingerprinting
Reproducibility was checked by preparing PCR products in duplicate and the similarity between patterns obtained with two PCR products was always higher than 92 %. Following numerical analysis, five clusters could be delineated, whilst several strains occupied a separate position (Fig. 3) . Cluster I comprised the type strain of P. norimbergensis and strains LMG 13019, R-4026 and LMG 16603. Clusters II, III, IV and V were composed of 6, 11, 6 and 3 strains, respectively. 
16S rRNA gene sequencing
The 16S rRNA sequences of representative strains of the protein electrophoretic and\or AFLP clusters were determined and compared with available 16S rRNA sequences of B. norimbergensis LMG 18379 T and strain R-5199 and other representatives of the β-Proteobacteria. All 16S rRNA gene sequences determined in the present study were closely related to the sequence of B. norimbergensis LMG 18379 T and strain R-5199 (Fig. 4) , forming a homogeneous cluster with internal 16S rRNA gene sequence similarities above 96 %. Similarity levels towards other taxa belonging to the β-Proteobacteria were below 95n3%.
DNA-DNA hybridizations and determination of GjC content
DNA was prepared from strains representing each protein electrophoretic cluster. The DNA-DNA binding values and the GjC content of all strains examined are shown in Table 3 . All strains investigated had GjC contents between 61n2 and 64n3 mol %. The hybridization results revealed that there were five groups with internal DNA-DNA binding values higher than 88 %. DNA-DNA binding values between representatives of the different groups were between 32 and 45 %.
Cellular fatty acid analysis
Both quantitative and qualitative differences in cellular fatty acid composition occur between the different Pandoraea species (Table 4) . The predominant fatty acids in all strains investigated were 16 : 0, 17 : 0 cyclo, 16 : 0 3-OH, 19 : 0 cyclo ω8c, summed feature 3 (comprising 14 : 0 3-OH, 16 : 1 iso I, an unidentified fatty acid with equivalent chain length of 10n928, or 12 : 0 ALDE, or any combination of these fatty acids), summed feature 4 (comprising 16 : 1 ω7c or 15 iso 2-OH or both) and summed feature 7 (comprising 18 : 1 ω7c, 18:1 ω9t, or 18:1 ω12t, or any combination of these fatty acids).
DISCUSSION
We investigated a set of strains, primarily isolated from sputa of CF patients and the environment, which proved difficult to identify in routine diagnostic laboratories. These strains were tentatively grouped by SDS-PAGE of whole-cell proteins and AFLP fingerprinting, and a polyphasic taxonomic approach (including 16S rDNA sequencing, DNA-DNA hybridization, cellular fatty acid analysis and extensive biochemical characterization) was used to clarify their relationships and to determine their phylogenetic position.
Phylogenetic position and structure of the genus Pandoraea
Representative strains of the different protein electrophoretic and AFLP clusters (LMG 13019, LMG 18089, LMG 16407 T , LMG 18087 T and LMG 18106 T ) formed a single phylogenetic lineage together with B. norimbergensis LMG 18379 T and strain R-5199, with internal similarity levels being higher than 96n0 % (Fig.  4) towards the type species of the closest related genera led to the conclusion that these strains represent a novel genus, for which we propose the name Pandoraea. Since the type strain of B. norimbergensis belongs to this cluster, this species should be transferred to the new genus as Pandoraea norimbergensis (Wittke et al. 1997) comb. nov.
The dendrograms shown in Figs 1 and 3 suggested that at least five different genomic groups were present within the new genus. Since the similarity levels between the respective rRNA genes of strains belonging to the different clusters were higher than 97 %, DNA-DNA hybridizations were performed to determine their exact degree of genetic relatedness (Stackebrandt & Goebel, 1994) . Strains representing all of the AFLP clusters were included in DNA-DNA hybridizations. The results suggested that each AFLP cluster forms one single species. The results also suggested that strains belonging to protein electrophoretic clusters A (except for R-5199), B, C and D form one single species each. Strains LMG 16407 T (cluster E) and R-4527 (cluster F) exhibit high DNA-DNA binding (94 %) (as could be expected from the AFLP results : both strains group in cluster III) and can therefore be considered as two electrophoretic types of a single species (Costas, 1992) . We conclude that strains from each AFLP cluster con-
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Pandoraea norimbergensis LMG 13019 (AF139171)
Taylorella equigenitalis LMG 6222 T (X68645)
Pelistega europaea LMG 10982 T (Y11890)
Bordetella pertussis LMG 14455 T (U04950)
Ralstonia solanacearum LMG 2299 T (X67036)
Alcaligenes faecalis LMG 1299 T (D88008)
Ralstonia pickettii stitute a single species : P. norimbergensis (AFLP cluster I), P. pnomenusa (cluster II), P. apista (cluster III), P. sputorum (cluster IV) and P. pulmonicola (cluster V). Strain R-5199 occupies a separate position and probably does not belong to any of the described Pandoraea species.
Differentiation and identification of Pandoraea species
Several biochemical characters are useful to differentiate Pandoraea species (Table 2 ). The most important are growth at 42 mC, growth in O\F medium with -glucose, growth in 3 % NaCl, nitrate reduction and urease, oxidase, C % -esterase and C ) -ester-lipase activity.
Both quantitative and qualitative differences occur in the fatty acid composition of the different Pandoraea species (see Table 4 ). In particular, the relative amounts of summed feature 7 and 19 : 0 cyclo ω8c vary strongly amongst species. P. pnomenusa and P. apista can be differentiated from P. norimbergensis, P. pulmonicola and P. sputorum by the presence of significant amounts of 18 : 1 2-OH. In general however, these differences are small and it seems questionable if they will suffice to identify strains to the species level. Figs 1 and 2 show that different Pandoraea species are characterized by different whole-cell protein profiles. However, the presence of distortions in the patterns, similar to the reported distortions in Burkholderia and Ralstonia strains (Vandamme et al., 1997 ; Coenye et al., 1999a ; Vandamme et al., 1999) , hinder identification of strains based solely on numerical analysis, and strains occasionally may occupy misleading positions in the dendrogram (cf. the position of strain P. pnomenusa R-5620 Results are expressed as mean percentagesp. Those fatty acids for which the mean amount for all taxa was less than 1 % are not given.
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Cells are Gram-negative, non-sporulating, straight rods of 0n5-0n7 by 1n5-4n0 µm. Pandoraea apista (a.pishta. Gr. adj. apistos disloyal, unfaithful, treacherous, referring to the adverse effects of infection for patients).
The description of P. apista is the same as that for the genus. Other characteristics are : no growth in O\F medium with glucose or on acetamide ; no fluorescence on King's B medium ; no nitrate reduction ; no assimilation of maltose or sucrose ; urease, C ) -ester lipase, phosphoamidase, amylase and arginine dihydrolase activity present ; growth on cetrimide agar ; assimilation of citrate, -lactate and caprate. The major fatty acids present are 16 : 0, 17 : 0 cyclo, 19 : 0 cyclo ω8c and summed feature 7. The GjC content is between 61n2 and 61n8 mol %. Isolated from sputum of CF patients. The type strain is LMG 16407 T (lCCUG 38412 T ), isolated from sputum of a CF patient in Denmark. The description of the type strain is the same as that given above for the species. Its GjC content is 61n8 mol % and the GenBank accession number for its 16S rDNA sequence is AF139173. The original description of P. norimbergensis was based on data for one strain only. In the present study, we identified three additional isolates as the same species. An emended description of P. norimbergensis is given below.
The description of P. norimbergensis is the same as that for the genus. Additional characteristics are : no growth at 42 mC ; no fluorescence on King's B medium ; no nitrate reduction ; no growth on acetamide or in 4n5 % NaCl ; no assimilation of maltose, adipate or sucrose ; no cysteine arylamidase activity present ; assimilation of citrate ; phosphoamidase activity present ; urease activity is strain-dependent. The major fatty acids present are 16 : 0, 17 : 0 cyclo, 19 : 0 cyclo ω8c and summed feature 7. Isolated from the environment and human clinical samples. The type strain is LMG 18379 T (l CCUG 39188 T ). Phenotypic characteristics are the same as described above for the species. In addition, the type strain assimilates -glucose, arginine dihydrolase activity is present and urease activity is not present. Its GjC content is 63n2 mol % and the GenBank accession number of its 16S rDNA sequence is Y09879. Strain LMG 18379 T was isolated from an oxic water layer above a sulfide-containing sediment in Nu$ rnberg (Germany). Other strains have been isolated from human clinical samples and powdered milk. The GenBank accession number for the 16S rDNA sequence of strain LMG 13019 (lCCUG 38411) is AF139171.
Description of Pandoraea pulmonicola sp. nov.
Pandoraea pulmonicola (pul.mo.nihco.la. L. n. pulmo lung ; L. suf. cola dwelling, occurring in ; N.L. n. pulmonicola occurring in lungs).
The description of P. pulmonicola is the same as that for the genus. Additional characteristics are : no growth on acetamide, or in 3n0 or 4n5 % NaCl ; no fluorescence on King's B medium ; no assimilation of maltose, adipate or sucrose ; no nitrate reduction ; no amylase, urease, arginine dihydrolase, C % -esterase, C ) -ester lipase or cysteine arylamidase activity present ; growth at 42 mC ; growth in O\F medium with glucose and on cetrimide agar ; assimilation of caprate, citrate, -lactate and -glucose ; oxidase and phosphoamidase activity present. The major fatty acids are 16 : 0, 17 : 0 cyclo, 19 : 0 cycloω8c and summed feature 3. Isolated from sputum of CF patients. The type strain is LMG 18106 T (l CCUG 38759 T ), isolated from sputum of a CF patient in Canada. The description of the type strain is the same as that given above for the species. Its GjC content is 61n8 mol % and the GenBank accession number for its 16S rDNA sequence is AF139175.
Description of Pandoraea pnomenusa sp. nov.
Pandoraea pnomenusa [pno.me.nuhsa. Gr. n. pnoe breath, breathing ; Gr. v. meno to reside, stay, live (fem. part. pres. menusa) ; N.L. part. adj. pnomenusa referring to the lung as the niche of these bacteria].
The description of P. pnomenusa is the same as that for the genus. Additional characteristics are : no growth in O\F medium with -glucose ; no fluorescence on King's B medium ; no assimilation of -glucose, maltose, sucrose or adipate ; growth at 42 mC ; as- 
